The Ni45 alloy reinforced with spherical tungsten carbides powder was deposited on the surface of 304 L stainless steel by plasma transferred arc welding (PTAW). To determine the microstructure and microhardness of the coating with different currents, X-ray diffraction, an optical microscope, a scanning electron microscope, an electron microprobe and a hardness tester were all employed. The experimental results indicated that the microstructure of the coatings consisted mainly of different morphological strengthening phases and tungsten carbides distributed in £-Ni matrix. Uniformly dispersed tungsten carbides were mostly in their original shape. Welding currents had strong effects on dilution with the base material and also on the formation of transition zones where the tungsten carbides were completely melted near the interface. In addition, lower currents resulted in transverse cracks along the fringe of the tungsten carbides. Concerning hardness it was found that higher currents contributed to lowering the hardness of the coating because of the intermixing of Fe in the hardfacing, the dissolution of the tungsten and the re-precipitation of the secondary carbides in the matrix. However, with higher currents, the hardness in the transition zone was greater than that with lower ones, which was the result of the predominant effect of melted tungsten carbides.
Introduction
Engineering components, such as valves, bearings and nuclear plant components, are frequently used in extremely severe conditions. The properties required in the surface and cores of the components are quite different. Therefore, surface strengthening is undoubtedly important. Because of the lower dilution, higher arc temperature and more concentrated heat pattern, PTAW has been widely used in a number of applications. 13) Traditional cobalt-based alloys have been the most popular hardfacing alloys for service applications in the nuclear industry involving wear and corrosion. However, the induced activity of Co59 will transfer into the long lived radioactive isotopes Co58 and Co60, which dramatically increases the danger to the operators and maintainers. 48) Due to excellent galling and high temperature oxidation resistance, Co-based hardfacing alloys are increasingly being replaced by Ni-based alloys. 9) Ni45, belonging to NiCrBSi alloy, has high strength and hardness because of its solid-solution and carbide strengthening.
1012) The chief role of silicon in the material is to provide, in conjunction with boron, self-fluxing characteristics. In addition, boron helps reduce the melting point of eutectic structures. Chromium, a carbide former, results in greater hardness and wear resistance. 13) Nickel-base hardfacing alloys can be divided into two groups: boride-containing alloys and Laves phase containing alloys. At present, tungsten carbides have been capturing people's attention because they combine together valuable properties such as high hardness, better plasticity and good weldability for molten metals. 14) During our process, tungsten carbides only partially melted because of their higher melting point, dissolved in the Ni-based matrix and partially precipitated again. The degree of dilution was dependent on the heat input, substrate and alloy powders applied. The dilution was lower because of the tungsten carbides which consumed most of the heat input. 13, 15) The tungsten carbides being investigated are mostly irregular shapes. In this paper, the main goal is to evaluate the effect of welding currents on the microstructure and hardness of Ni45 alloy reinforced by 40 mass% of spherical W2C/WC.
Experimental Details

Materials and parameters
The Ni45 alloy reinforced by spherical tungsten carbides was cladded on the 304 L stainless steel by PTAW. The chemical composition of the Ni-based hardfacing alloy is listed in Table 1 .
The welding parameters used for the deposition of alloy powders are given in Table 2 . Coating characteristics are mainly determined by the chemical composition of the coating alloy, however welding parameters also play an important role, for example the increased heat input caused by an increase in current leads to greater dilution. However, the buildup of coating during deposition at low travel speeds counteracts the increase in heat input, producing thicker coatings with lower dilutions. The higher coating speed leads to a fast solidification of the coating material, and single weld beads can be identified. The lower energy input with higher process speed also reduces the material flow, 16)
The substrate was preheated to 673 K for 2 h to relieve the internal stresses and the cooling rate was also slowed to avoid the formation of cracks. 9) In addition, the hardfaced coupon was cooled to room temperature in a medium of cement vermiculite to reduce stress in the process.
Characterization of coating
The cross-sectional microstructure of the coating was characterized by an optical microscope. The precipitations and WC/W2C present in the matrix were observed by a scanning electron microscope. An electron probe microanalyzer (EPMA) was also employed to understand the dispersion and diffusion of elements. Additionally, X-ray diffraction was adopted to determine the original phases in the Ni45 and tungsten carbide alloy powders which serve as a "reference" structure and help to indentify the possible phases in the coating. To determine the hardness of the microstructure, the Vickers microhardness test was employed to obtain the microhardness distribution and gradient from the substrate to the coating with a proper load of 1000 g. Figure 1 shows the SEM micrograph of Ni45 and tungsten carbide alloy powder. This SEM micrograph shows that the initial Ni45 alloy is granular with particle size in the range of 50200 µm. The tungsten carbide is of spherical shape with a size of 45180 µm. The X-ray diffraction result is shown in Fig. 2 . The alloy contains small amount of Fe, nevertheless £-Ni is major phase. The tungsten carbide consists of WC and W2C and free W.
Results and Discussion
Original alloy powder
Microstructural observation of the coating
The characterization of microstructure was done with optical microscopy after electrolytic etching with 10 g oxalate and 100 g distilled water. Figure 3 shows the micrograph of the coatings with currents of 180 and 200 A respectively. Dark areas indicate tungsten carbides; grey parts correspond to the Ni-based matrix, whereas white areas refer to precipitates present in the matrix. Metallographic inspection reveals transverse cracks along the fringe of the tungsten Table 2 Welding parameters used in PTA welding process. carbides in the coating with lower welding currents (160 A). Firstly, the 304 L substrate and the coating have different total contraction during the cooling process. Additionally, lower welding currents, equivalent to lower heat input, result in a higher solidification/cooling rate which will have an extremely significant effect on the solidification of the coating. Finally, tungsten carbides can contribute to crack initiation and development because the elastic modulus of tungsten carbides is different from that of the metallic matrix, thus reducing the accumulation of stresses developed during solidification and cooling. 17) Figure 3(a) shows the coating near with a welding current of 180 A. The fusion line (dash line) is relatively straight and free of fluctuation. Due to the high melting point of tungsten carbides, the original spherical shape did not change significantly. WC has a melting point of 2360°C, and W2C has a melting point of 2460°C. In the center section and the areas near the surface, the tungsten carbides distributed uniformly in the Ni-based matrix. The ratio of molten to unmelted tungsten carbides was extremely low. There was almost no deformation of tungsten carbides during the process. The high-melting point tungsten carbides presented in large amounts in the melted pool influenced temperature fields in front of the liquidsolid interface leading to a great change in the solidification structure.
In the case of higher welding current (200 A), the heat input increases and the cooling rate decreases. The proportion of molten and unmelted tungsten carbides increases. More dissolution of tungsten carbides precipitated in a homogeneous way in the Ni-based matrix. Figure 3(c) shows the coating near the interface area (dash line). As shown with the arrows, the tungsten carbides distributed along the fusion line deform distinctly because of the higher input, fine heat exchange, circulation and higher stress in the area during the process. 18) In addition, the deposit near the interface with higher welding current (200 A) exhibited pronounced transition regions of approximately 0.5 mm which are characterized by less concentration of unmelted tungsten carbides. This transition region formation situation disappears with lower currents. The reasons are as follows. Higher currents result in higher input which is helpful with the melt of tungsten carbides. Besides, the area near the interface undergoes a relatively slow cooling/solidification rate. Finally, higher currents result in even slower cooling/ solidification rate. Therefore, the area has more dissolution of tungsten carbides. 14, 19) Figure 4 shows the typical unmelted tungsten carbides in the coating with 180 A. An obvious "halo" effect among the tungsten carbides is noted in the photomicrographs, which results from the partial dissolution of tungsten carbides and the precipitation. Figure 4(b) shows that typical unmelted tungsten carbide (A). The external of the "halo" is the new precipitates, and the internal is the partially melted tungsten carbide. The new precipitates are mostly distributed around the tungsten carbides. The precipitation generally occurs heterogeneously onto previously existing carbide particles. The precipitates around the primary carbides had two different morphologies as shown in Fig. 4(b) : blocky structure "B" and long-stripe-like structure "C". The light grey areas in Fig. 4 correspond to dentrites and the dark areas are the interdendritic structures. Figure 5 shows the typical melted tungsten carbides in the coating with 200 A. The "halo" effect almost disappears. The precipitates were not only found along the fringe of the primary tungsten carbides. The granula far from the primary tungsten carbides is quite different from the structure "B" and "C" which was attributed to the free tungsten in the original alloy powder. In addition, the slower cooling/solidification rate encouraged interaction between the tungsten and the chromium from the matrix.
The correlation between the morphology and microchemistry of the phases observed in the Figs. 4 and 5 is shown in Table 3 Figure 6 shows the EPMA mapping of the coating/304 L interfaces. Tungsten is ideal for analysis using SEM and EPMA techniques due to its high atomic number and small interaction volume. The very bright areas in the images in the backscatter electron mode make it easy to locate the regions rich in tungsten. The interaction volume of tungsten is also significantly smaller than the spot size, which makes the resolution of areas with tungsten good in both imaging and X-ray modes.
EPMA observation of coatings
As shown in Figs. 6(a) and 6(c) tungsten is distributed mainly in the bright grey phase and partially in the halo around the spherical phase. Figures 6(b) and 6(d) shows the tungsten distribution near the interface (dash line) consisting mainly of tungsten which could be attributed to the dissolution and cleavage of primary tungsten carbides. With a larger welding current, the sphere shape of WC could not be kept well. Figure 7 shows the EPMA mapping of the Ni-based alloy coating center section with a current of 200 A. The spherical phase was found to represent the bright gray phase. The halo scattered around the spherical structure and the precipitation in the matrix was identified as the light gray phase. The dentrites were characterized by a deep grey phase. The interdendritic structure distributed in the matrix was determined to be a dark phase. Tungsten was distributed mainly in the bright grey phase and partially in the halo around the spherical phase. Chromium was distributed mostly in dentrites and the precipitates in the matrix. Carbon was distributed mainly in the spherical phase, with a minor amount in other phases. Iron and nickel were distributed almost entirely in the coating, except in the bright grey and light gray phases. Therefore, the above observations of Fig. 7 were evidence of the fact that the bright gray phase was made up of tungsten and carbon. The halo around the spherical structure consisted of tungsten and carbon. The precipitates distributed in the matrix consist of chromium and tungsten. Therefore, it is rational to conclude that the bright grey is tungsten carbides. 11, 14) The light grey partially melted tungsten carbides and WCr compounds are in a certain ratio. Influence of Welding Currents on Microstructure and Microhardness of Ni45 Alloy Figure 8 reveals the typical degraded tungsten carbide distributed in the matrix. It is clear that precipitates are mostly around the primary tungsten carbide, which can be attributed to the diffusion of tungsten. However, free tungsten was found in the original alloy powders and contributed to the formation of new precipitates rich in tungsten and chromium in the region far from the primary tungsten carbide in the matrix. A line scan across the primary tungsten carbide in Fig. 8 reveals the amount of carbon. The amount of carbon fluctuates over the entire scan, especially at the interior of the halo.
Microhardness and wear characteristic
The face-centered cubic (fcc) structure of the nickel matrix (£) can be strengthened by solid-solution strengthening, carbide precipitation and precipitation (age) hardening. 20) Nickel has fine solubility for a number of other metals. Nickel and copper have complete solid solubility. Iron and cobalt are soluble in nickel to a very high degree. The limit of solubility of chromium in nickel is 35 to 40% and about 20% for molybdenum. Cobalt, iron, chromium, molybdenum, tungsten, aluminum and vanadium are all solid-solution strengtheners in nickel. In this paper, chromium is the main strengthener in nickel. Iron content is largely incidental, allowing the use of ferro compounds during manufacture, but it can increase the solubility of carbon in nickel, which will improve resistance to high-temperature carburizing environments. In addition, nickel is not a carbide former element. Carbon reacts with other elements including chromium and tungsten alloyed with nickel to form precipitates that can contribute to strengthening. Moreover, heat treatment provides the alloy designer with a means of creating desired carbide structures and morphologies before placing the material in service. (c) (b) (a) (f) (e) (d) Fig. 7 The EPMA mapping of the Ni-based alloy coating center section with 200 A, which shows BEI morphology and its dispersion of C, W, Cr, Fe and Ni. Figure 9 shows the hardness profile taken across the cross section of a PTA weld overlay of the coating and the substrate. Hardness value increased from a minimum of 220 HV to a maximum of 620 HV from the substrate to the coating. The hardness value of individual tungsten carbides is about 2100 HV. Hardness transition appeared in region 1 near the interface which was in connection with the elements interdiffusion especially for iron. It is obvious that the hardness of the coating with 200 A in region 2 is higher than that of 180 A. Higher hardness results from more melted tungsten carbides. The effect is a hardfacing in region 2 of the matrix due to super saturation of tungsten and carbon. It is supposed that higher currents contribute to lower hardness because of strong intermixing of Fe in the coating. Here the effect of tungsten carbides dissolution is predominant. In region 3, the number of melted tungsten carbides decreases due to a faster cooling/solidification rate and lower heat input, all of which contribute to the lower hardness. Figure 10 (a) shows the backscattered electron image of the wear track tested with a current of 200 A. A typical line scan profile of oxygen and tungsten was carried out across the wear track and is shown in Fig. 10(b) . EPMA analysis across the wear track confirms the presence of an oxide layer over the track. The predominant role of the oxide layers appears to lower the coefficient of friction between the mating surfaces and hence the weight loss. The predominant wear mechanism is dissection of tungsten carbides with the result that matrix material gets worn. The bright phases in the backscattered electron image are the primary tungsten carbides, which display a high degree of cleavage.
Conclusion
(1) Cohesive, metallurgical and defect-free NiCrSiB alloy reinforced with spherical tungsten carbides coating at a maximum 34 mm thickness could be obtained on 304 L substrate by suitable selection of process parameters of plasma transferred arc welding.
(2) The coating exhibits a heterogeneous microstructure, which consists mainly of different morphological strengthening phases and tungsten carbides (melted and unmelted) distributed in £-Ni matrix.
(3) Welding currents have strong effects on dilution with the base material and also on the formation of transition zones where tungsten carbides are completely melted near the interface.
(4) Higher currents contribute to lower hardness of the coating due to the intermixing of Fe in the hardfacing, the dissolution of the tungsten and the re-precipitation of the secondary carbides in the matrix. 
